We conducted in vitro experiments to evaluate the susceptibility of a clinical isolate of Cryptococcus neoformans to a wide range of concentrations of fluconazole. In vitro susceptibility was tested using broth macrodilution methods modified to provide a numeric count of viable organisms. The association between the quantitative in vitro response and fluconazole drug concentrations was estimated using local nonparametric regression. Regression analysis was used to assess the correspondence between the in vitro fluconazole concentration-response curve and the murine dose-response curve observed in our previously reported murine model. The regression model was then used to predict the murine response. There was a strong correspondence between in vitro measures of response to fluconazole alone and the previously reported biologic effects seen in the mouse. In vitro antifungal drug susceptibility testing can reliably predict the murine response to fluconazole.
The goal of in vitro susceptibility testing is to predict the clinical outcome. Having an in vitro measure that can reliably predict the response following 2 weeks of treatment would permit physicians to select the drug(s) with the greatest activity, extend intensive treatments past 2 weeks, and/or use combination drug therapy. During the last 20 years, considerable effort has been expended to establish a reproducible standard for in vitro testing of yeast susceptibility to antifungal drugs. This standard has been most useful for testing Candida species causing oral thrush (14, 18, 20) . Limited data suggest this method might also be useful for Cryptococcus neoformans; however, no interpretive guidelines or breakpoints have been identified (16, 19) . The usual approach to identifying breakpoints has been to measure outcome as a categorical response (e.g., sterile cerebrospinal fluid [CSF] versus nonsterile CSF) (1, 11, 24) . This approach forces the search for a breakpoint into a search for a drug concentration that predicts an outcome measure that takes on just two values, "sterile CSF" versus "nonsterile CSF." This search is greatly confounded by the wide range in the severity of meningitis that occurs in clinical practice (21, 24) .
In our previously published murine model, we used a clinical isolate of C. neoformans to evaluate the effects of fluconazole (12) . The response was the number of CFU per gram of brain recovered at day 16 . By using this quantitative response and by testing fluconazole over a wide range of doses, we could use regression methods to estimate the dose-response curve for fluconazole. In the present paper, we report the in vitro susceptibility of this same isolate to fluconazole tested over a wide range of concentrations.
MATERIALS AND METHODS Test isolate.
The Cryptococcus neoformans var. neoformans isolate (USC 1597) was obtained from a patient with AIDS-associated cryptococcal meningitis that responded promptly to treatment with fluconazole plus flucytosine. The isolate was stored in 20% skim milk at Ϫ70°C and subcultured on Sabouraud's dextrose agar before testing.
In vitro antifungal drug susceptibility testing. The susceptibility of this isolate to fluconazole was measured following the Clinical and Laboratory Standards Institute (CLSI) (formerly the National Committee for Clinical Laboratory Standards [NCCLS]) broth macrodilution method (14) , modified to enumerate the numbers of organisms viable after 48 h. Six to 10 colonies from a 4-day growth of isolate USC 1597 grown on Sabouraud's dextrose agar were suspended in 10 ml of buffered RPMI 1640 medium (MediaTech, Herndon, VA) supplemented with L-glutamine and buffered with HEPES. The number of organisms per ml after 24 h of incubation was estimated by a manual hemocytometer count. Further dilutions were prepared to achieve a final inoculum of approximately 500 CFU/ml. This inoculum number was confirmed by quantitative culture. Following 48 h of incubation in drug-containing media, the numbers of viable CFU per ml at each concentration were assessed quantitatively by plating serial dilutions. Fluconazole was tested at concentrations ranging from 0.5 to 20 mg/liter. Statistical analysis. Local nonparametric regression as described previously (5-8) was used to estimate the in vitro fluconazole concentration-response curve. Ninety-nine percent confidence intervals (99% CIs) based on the fitted regression were used as described previously (3, 12) to assess the magnitude, variation, and significance of the effects of fluconazole. If the 99% CIs do not overlap, then the difference in response is significant at the 0.01 level. If the CIs do overlap, we use the widths of the CIs to assess the magnitude of the potential difference within the context of the observed variability. The association between the in vitro fluconazole concentration-response curve and the murine fluconazole doseresponse curve from our previously reported murine model (12) was assessed using regression analysis (see Appendix) (15, 23 ). This regression model was then used to predict the murine fluconazole dose-response curve. Descriptive statistics were based on medians and robust CIs (9) . All statistical analyses were performed using S-Plus (10, 23) .
RESULTS
Observed fluconazole dose-response curves. In the in vitro experiments, the loess fit of the association (fit of the associa-tion found with LOESS software) between the numbers of log 10 CFU/ml viable after 48 h of incubation in fluconazole showed a strong locally linear dependence on the log 2 concentration of fluconazole ( Fig. 1 ). In our previously reported murine model, the loess fit of the association between the numbers of log 10 CFU/g brain recovered after 14 days of treatment with fluconazole alone also showed a strong linear dependence on the dose of fluconazole ( Fig. 1) (12) . The range of responses to fluconazole seen in vitro was similar to the range of responses seen in the mouse model. The widths of the CIs for the fitted responses were similar ( Fig. 1) , showing that the magnitude of the variation in the responses was similar (Ϯ0.9 log 10 CFU).
Predicted fluconazole dose-response curve. Loess regression analyses showed that both the in vitro and murine fluconazole dose-response curves could be approximated well by global regression models. Therefore, linear regression analysis (see Appendix) was used to evaluate the correspondence between the in vitro fluconazole concentration-response curve and the murine fluconazole dose-response curve previously reported (12) . Both the 95% and the 99% CIs for the difference in slopes of the two curves contained zero, indicating that the two curves were parallel. This linear regression model was then used to predict the murine fluconazole dose-response curve ( Fig. 2 ) on the basis of the observed in vitro concentration response. The loess fit for the observed murine dose-response curve lies almost directly on the predicted mouse dose-response curve (Fig. 2) . The 95% CIs for the predicted curve overlap the observed murine response curve (Fig. 2) . The 99% CIs also overlap the observed murine fluconazole response curve (data not shown). (12) . The animal protocol for our murine model has been described, and the results were reported previously (12) . Briefly, male BALB/c mice weighing 23 to 25 g were anesthetized, and meningitidis was induced with approximately 700 CFU of C. neoformans injected directly into the cranial vault. Treatment was initiated 2 days later with the assigned concentrations of fluconazole (Diflucan; Pfizer, Inc.) dissolved in the sole source of drinking water. Treatment was continued for 14 days. The treatment effect was measured by the numbers of CFU of C. neoformans per gram of brain recovered at the end of treatment. Correspondence between in vitro fluconazole concentrations and murine fluconazole doses. Figure 3 shows how the linear regression model for the in vitro concentration-response curve can be used to estimate the correspondence between the in vitro concentrations and the mouse fluconazole doses (see Appendix). The in vitro response observed at 1 mg/liter of fluconazole was approximately 4.6 log 10 CFU/ml (Fig. 3) . The global linear regression model predicts that the fluconazole dose administered to mice that would produce this level of response would be approximately 21 mg/kg of body weight (Fig. 3) . For comparison, the murine response at 21 mg/kg per day given by the locally linear loess fit of the observed murine response was 4.65 log 10 CFU/g (Fig. 3) (12) .
DISCUSSION
In the present report, we evaluated the in vitro susceptibility of a clinical isolate of C. neoformans to a wide range of concentrations of fluconazole. Regression analysis demonstrated a strong correspondence between the observed in vitro response curve and the murine dose-response curve observed in our previously published murine model (12) . The in vitro model is a closed static system in which the C. neoformans organisms are exposed continuously to drug for 48 h in a test tube. In contrast, our murine model of cryptococcal meningitis is a dynamic biologic system with intermittent exposure to fluconazole given over 14 days (12) . We do not expect to see a mg-for-mg correspondence between in vitro drug concentrations used in the closed static system and the doses administered intermittently to mice in the dynamic biologic system. However, using the same quantitative responses (number of CFU) and testing a wide range of doses using the same level of inoculum of the same isolate, we have demonstrated that the observed in vitro susceptibility of C. neoformans measured at 48 h can reliably predict the murine response to fluconazole when treatment is given for 14 days.
It is not known whether the drug concentrations used in vitro that correspond to the observed murine response represent peak or trough drug concentrations in the brain, CSF, or some other pharmacokinetic compartment or construct. Furthermore, we do not propose that the doses identified in our mouse model can be translated directly to humans. Monitoring the biologic responses in humans is based on CSF cultures, whereas the biologic response in the mouse is based on brain tissue. It is well established that fluconazole metabolism is more rapid in mice than in humans (2, 13, 22) . Thus, the corresponding fluconazole concentrations in human subjects will almost certainly differ.
One practical application of this approach is the design of in vitro and animal experiments to determine whether these results apply to the many different strains of C. neoformans. However, the ultimate goal of in vitro susceptibility testing is not to cure cryptococcal meningitis in mice. Thus, a more important application would be to use our approach to identify quantitative measures of in vitro susceptibility that can reliably predict clinical outcome. The usual approach to identifying clinical correlations with in vitro susceptibility has been to use a response that takes on just two values, "sterile CSF" versus "nonsterile CSF." Two recently reported clinical trials have used quantitative counts based on the patient's CSF as a more informative measure of treatment response (4, 17) . Employing quantitative microbiologic measures of response to drug exposure in both in vitro testing and in the clinic will greatly facilitate evaluating associations between in vitro susceptibility and the patient's response to drug treatment. This approach holds the greatest promise for identifying in vitro measures of drug susceptibility that can be used to select the best therapy for each patient.
Having an in vitro measure that can reliably predict response following 2 weeks of treatment would permit physicians to select the drug(s) with the greatest activity, extend intensive treatments past 2 weeks, and/or use combination drug therapy. Continued investigation of in vitro drug susceptibility testing for C. neoformans is warranted and urgently needed given the large numbers of individuals with AIDS-associated cryptococcal meningitis resulting from the global AIDS pandemic. where E(Y) is the expected in vitro response at the fluconazole concentration u. The quantity 1 is added to each concentration before the log 2 transformation, since log 2 of zero is undefined. ␣ 1 is the intercept Ϫ the value of the response at u ϭ 0, and ␤ 1 is the slope Ϫ the change in response as the concentration increases 1 unit. Similarly, the regression model for the linear association between the murine response (log 10 CFU/g brain) and fluconazole dose is given by
where E(W) is the expected murine response at the fluconazole dose v. Note that ␣ 2 , the intercept for the murine regression curve in equation A2, can be rewritten in terms of ␣ 1 , the intercept for the in vitro regression curve in equation A1, that is:
Similarly, ␤ 2 , the slope for the murine regression curve in equation A2, can be rewritten in terms of ␤ 1 , the slope for the in vitro regression curve in equation A1, that is:
Thus, equation A2 can be rewritten as
Evaluating the association between the two curves. In order to evaluate the association between the two curves, we define an indicator variable, ␦, where ␦ ϭ 0 for the in vitro data and ␦ ϭ 1 for the mouse data. Then, we can use a single regression model to encompass both regression curves:
where E(Z) is the expected response at the scaled dose (concentration) x:
x ϭ log 2 ͑u ϩ 1͒/log 2 ͑u max ϩ 1͒ for ␦ ϭ 0
and where u max is the maximum in vitro fluconazole concentration tested and v max is the maximum murine fluconazole dose tested. In this single regression model, ␣ is the difference between the intercept for the in vitro dose-response curve and the intercept for the murine dose-response curve. Similarly, ␤ is the difference between the slopes for the two curves. If the in vitro concentration-response curve and the murine dose-response curve have the same slope (i.e., the curves are parallel), then ␤ will be zero.
To evaluate ␤, we fit the regression model (equation A3) and use the fitted model to estimate the CI for ␤. If the CI for ␤ contains zero, then we conclude that the curves have similar slopes.
Predicting the murine dose-response curve. When the two response curves have the same slope, ␤ will be zero so the regression model shown in equation A3 becomes:
We fit this regression model and use it to predict the murine response curve on the basis of the in vitro response curve. Thus, the expected murine response is given by:
That is, the expected murine response can be predicted by shifting the expected in vitro response by ␣, which is the difference between the intercepts for the two curves. Correspondence between the in vitro concentrations and murine doses. We can also use the regression model (equation A4) to estimate the correspondence between the in vitro fluconazole concentration and the murine fluconazole dose that would produce the same level of response.
Let Y be the in vitro response at the in vitro concentration u. To find v, the murine dose that produces the same level of response, we start with the murine response:
where E(W ͉ x 2 ) is the expected murine response at the scaled murine dose x 2 ϭ v/v max and the in vitro response is
where E(Y ͉ x 1 ) is the expected in vitro response at the scaled concentration x 1 ϭ log 2 ͑u ϩ 1͒/͑log 2 u max ϩ 1͒ Then, to find v, the murine dose at which the murine response equals the in vitro response at u, we use the scaled murine dose x 2 and the scaled in vitro concentration x 1 . By assumption,
and, substituting equations A5 and A6, we get
Solving equation A7 for x 2 , the scaled murine dose, we get
Finally, to get the murine dose in the original fluconazole units, multiply x 2 by v max ϭ 40. Example. In the example shown in Fig. 3 , the in vitro response at u ϭ 1 mg/liter is 4.6 log 10 CFU/ml. For u ϭ 1, the scaled in vitro concentration x 1 equals log 2 (1 ϩ 1)/log 2 (20 ϩ 1) or 0.23. In the fitted linear regression, ␣ is 1.17 and ␤ 1 is Ϫ3.8. Using equation A8, the scaled murine dose is given by Then, v, the murine dose at which the expected murine response equals 4.6 log 10 CFU is given by 0.53 ϫ 40 ϭ 21.2 mg/kg per day.
